thyroid hormone (PTH) is known to increase transient receptor potential vanilloid (TRPV)5 activity and decrease Na ϩ -Cl Ϫ cotransporter (NCC) activity, we hypothesized that decreased NCC-mediated Na ϩ reabsorption contributes to the enhanced TRPV5 Ca 2ϩ reabsorption seen with PTH. To test this, we used mDCT15 cells expressing functional TRPV5 and ruthenium red-sensitive 45 Ca 2ϩ uptake. PTH increased 45 Ca 2ϩ uptake to 8.8 Ϯ 0.7 nmol·mg Ϫ1 ·min Ϫ1 (n ϭ 4, P Ͻ 0.01) and decreased NCC activity from 75.4 Ϯ 2.7 to 20.3 Ϯ 1.3 nmol·mg Ϫ1 ·min Ϫ1 (n ϭ 4, P Ͻ 0.01). Knockdown of Ras guanylreleasing protein (RasGRP)1 had no baseline effect on 45 Ca 2ϩ uptake but significantly attenuated the response to PTH from a 45% increase (6.0 Ϯ 0.2 to 8.7 Ϯ 0.4 nmol·mg Ϫ1 ·min Ϫ1 ) in control cells to only 20% in knockdown cells (6.1 Ϯ 0.1 to 7.3 Ϯ 0.2 nmol·mg Ϫ1 ·min Ϫ1 , n ϭ 4, P Ͻ 0.01). Inhibition of PKC and PKA resulted in further attenuation of the PTH effect. RasGRP1 knockdown decreased the magnitude of the TRPV5 response to PTH (7.9 Ϯ 0.1 nmol·mg Ϫ1 ·min Ϫ1 for knockdown compared with 9.1 Ϯ 0.1 nmol·mg Ϫ1 ·min Ϫ1 in control), and the addition of thiazide eliminated this effect (a nearly identical 9.0 Ϯ 0.1 nmol·mg Ϫ1 ·min Ϫ1 ). This indicates that functionally active NCC is required for RasGRP1 knockdown to impact the PTH effect on TRPV5 activity. Knockdown of with no lysine kinase (WNK)4 resulted in an attenuation of the increase in PTH-mediated TRPV5 activity. TRPV5 activity increased by 36% compared with 45% in control (n ϭ 4, P Ͻ 0.01 between PTH-treated groups). PKC blockade further attenuated the PTH effect, whereas combined PKC and PKA blockade in WNK4KD cells abolished the effect. We conclude that modulation of NCC activity contributes to the response to PTH, implying a role for hormonal modulation of NCC activity in distal Ca 2ϩ handling. (9, 14, 26, 28, 29) . This suggests that in the DCT, Na ϩ transport does affect Ca 2ϩ transport, and, thus, modulation of NCC activity may affect Ca 2ϩ transport by TRPV5. Since parathyroid hormone (PTH) is known to increase TRPV5 activity and decrease NCC activity, we theorized that decreased NCC-mediated Na ϩ reabsorption may contribute to the enhanced TRPV5 Ca 2ϩ reabsorption seen with PTH administration (21, 39).
parathyroid hormone; transient receptor potential vanilloid 5 channel; sodium-chloride cotransporter; thiazide; with no lysine kinase CA 2ϩ HOMEOSTASIS is carefully maintained in the body, and renal Ca 2ϩ handling is critical for this process. Abnormal renal Ca 2ϩ reabsorption is associated with a compromised Ca 2ϩ balance and accompanying pathology, such as nephrolithiasis. Kidney tubule reabsorption of filtered Ca 2ϩ occurs primarily in the proximal tubule (PT), thick ascending limb (TAL), distal convoluted tubule (DCT), and connecting tubule (11, 25) . Ca 2ϩ uptake in the PT and TAL occurs via a paracellular pathway, whereas DCT Ca 2ϩ uptake occurs transcellularly (15, 30, 38) . Ca 2ϩ enters DCT cells, specifically late DCT (DCT2) and connecting tubule cells, via the epithelial Ca 2ϩ channel transient receptor potential vanilloid (TRPV)5 (15) . Once inside the cell, Ca 2ϩ binds to calbindin-D28K to transit across the cell for eventual basolateral extrusion via ATP-dependent Ca 2ϩ -ATPase [plasma membrance Ca 2ϩ -ATPase (PMCA)1] and Na ϩ /Ca 2ϩ exchanger (NCX)1 (3, 20, 24, 27) . In addition to its role in Ca 2ϩ reabsorption, the DCT is a principal site of Na ϩ reabsorption, taking in ϳ5-10% of the filtered load of Na ϩ (13) . DCT Na ϩ reabsorption occurs primarily via the Na ϩ -Cl Ϫ cotransporter (NCC). Interestingly, blockade of NCC by thiazide diuretics has long been known to reduce urinary Ca 2ϩ excretion (8, 23, 33) . More recent studies have attributed this phenomenon primarily to increased passive proximal reabsorption of Ca 2ϩ (31) . Multiple studies have documented increased DCT Ca 2ϩ reabsorption in response to thiazide administration (9, 14, 26, 28, 29) . This suggests that in the DCT, Na ϩ transport does affect Ca 2ϩ transport, and, thus, modulation of NCC activity may affect Ca 2ϩ transport by TRPV5. Since parathyroid hormone (PTH) is known to increase TRPV5 activity and decrease NCC activity, we theorized that decreased NCC-mediated Na ϩ reabsorption may contribute to the enhanced TRPV5 Ca 2ϩ reabsorption seen with PTH administration (21, 39) .
One of the principle regulatory pathways for NCC involves with no lysine kinases (WNKs). In particular, WNK4 is well known for its effects on NCC, with both inhibitory and stimulatory effects (4, 5, 35, 37, 41, 42) . More recently, WNK4 has been shown to affect TRPV5 (6, 17, 18) . We therefore hypothesized that WNK4 may act as the link between NCC and TRPV5 activity.
Here, through the use of a cell model with native NCC and TRPV5 activity, we report that modulation of NCC activity does indeed contribute to the TRPV5 response to PTH, implying a role for hormonal modulation of NCC activity in distal Ca 2ϩ handling. Furthermore, we demonstrate that the NCC effect on TRPV5 appears to be related to WNK4.
METHODS

Materials.
Materials were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
Cell culture and treatments. mDCT15 or WNK4KD cells previously generated and characterized (22) were plated on cell culture dishes and grown in growth medium containing a 50:50 mix of DMEM-F-12, 5% heat-inactivated FBS, and 1% penicillin-streptomycin-neomycin at 37°C. Experiments were conducted when cells reached 90 -95% confluence. For WNK4KD cells, RNA inhibitor suppression of WNK4 was reconfirmed via immunoblot analysis.
RT-PCR. RNA was collected from mDCT15 cells grown to 95% confluence using the QIAGEN RNeasy Mini Kit. Using the SuperScript One-Step RT-PCR with Platinum Taq with a final concentration of 1 g RNA, cDNA synthesis, PCR amplification, and final extension were carried out. The sequences were as follows: PMCA4, 5=-CTTAATG- GACCTGCGAAAGC-3= and 5=-ATCTGCAGGGTTCCCAGATA-3=; NCX1, 5=-CTCCCTTGTGC-TTGAGGAAC-3= and 5=-CAGTGGCT-GCTTGTCATCAT-3=; TRPV5, 5=-CTGGAGCTTGTGGTTTCCTC-3=  and 5=-TCCACTTCAGGCTCACCAGS-3=; and calbindin, 5=-CTAG-CAGAGTACACAGACCTC-3= and 5=-GTATCCGTTGCCATCCT-GATC-3= . Samples were then analyzed using a 2% agarose gel. Loading dye was added to each sample, and 10 l of sample were loaded onto the gel. The gel ran for 30 min at 120 V and was analyzed under ultraviolet light.
Assessment of NCC function in cells. mDCT15 or WNK4KD cells were seeded in 12-well plates and prepared as described above. Cells were then incubated in a serum-free growth media (Opti-Mem) for 24 h before being assayed. Cells were then treated with PTH or vehicle (DMSO) for the indicated times and concentrations. Thirty minutes before uptake, 0.1 mM metolazone (an inhibitor of NCC) or vehicle (DMSO) was added to the media to ensure NCC inhibition during the uptake period. The medium was then changed to a 22 Na ϩ -containing medium [containing 140 mM NaCl or as indicated, 1 mM CaCl, 1 mM MgCl, 5 mM HEPES-Tris (pH 7.4), 1 M amiloride, 0.1 mM bumetanide, 1 M benzamil, 1 mM ouabain, and 1 Ci/ml 22 Na ϩ ] with or without thiazide (0.1 mM metolazone) and incubated for 20 min. Tracer uptake was then stopped via washes with ice-cold wash buffer. Cells were subsequently lysed with 0.1% SDS. Radioactivity was measured via liquid scintillation, and protein concentrations of the lysates were determined [Bicinchoninic Acid (BCA) Protein Assay, Pierce]. Uptakes were normalized to nanomoles per milligram per minute. Thiazide-sensitive uptake was given by the difference of the uptakes with and without thiazide. For the Na ϩ clamping experiments, the indicated NaCl concentration was placed in the 22 Na ϩ -containing uptake medium.
Assessment of TRPV5 function in cells. mDCT15 or WNK4KD cells were seeded in 12-well plates and prepared as described above. Cells were then incubated in serum-free growth media (Opti-Mem) for 24 h before being assayed. Cells were then treated with PTH or vehicle (DMSO) for the indicated times and concentrations. Thirty minutes before uptake, 100 nM ruthenium red (an inhibitor of TRPV5) or vehicle (DMSO) was added to the media to ensure TRPV5 inhibition during the uptake period. The medium was then changed to 45 Ca 2ϩ -containing medium [containing 140 mM NaCl, 1 mM CaCl, 1 mM MgCl, 5 mM HEPES-Tris (pH 7.4), 1 mM amiloride, 0.1 mM bumetanide, 0.1 mM benzamil, and voltage-gated Ca 2ϩ channel inhibitors (10 M felodipine and 10 M verapamil), 50 M vanadate, 1 mM ouabain, and 1 Ci/ml 45 Ca 2ϩ ] with or without 100 nM ruthenium red and incubated for 20 min. Tracer uptake was then stopped via washes with ice-cold wash buffer. Cells were subsequently lysed with 0.1% SDS. Radioactivity was measured via liquid scintillation, and protein concentrations of the lysates were determined (BCA Protein Assay, Pierce). Uptakes were normalized to nanomoles per milligram per minute. TRPV5 uptake was given by the difference of the uptakes with and without ruthenium red.
Electrophysiology experiments in cells. mDCT15 cells were grown on coverglasses to confluence DMEM-F-12 (Cellgro) supplemented with 5% FBS, 100 IU/ml penicillin, 100 g/ml streptomycin, and 50 nM dexamethasone. The single channel activity of TRPV5-like channel on the membrane of mDCT15 cells was determined under voltageclamp conditions in the outside-out configuration. Gap-free single channel current data from G⍀ seals were acquired with an Axopatch 200B (Molecular Devices) patch-clamp amplifier interfaced via a Digidata 1440 (Molecular Devices). Currents were low-pass filtered at 1 kHz with an eight-pole Bessel filter (Warner Instruments). Events were inspected visually before acceptance. Recording pipettes had resistances of 5-8 M⍀. Bath solution contained (in mM) 140 NaCl, 10 EDTA, and 10 HEPES (pH 7.31); pipette solution containined (in mM) 150 CsCl, 10 BAPTA, and 10 HEPES (pH 7.3) Current-voltage relationships were obtained by monitoring channel activity at applied pipette voltages from Ϫ120 to ϩ160 mV for at average of 60 s.
Channel activity and open probability were assessed using Clampfit 10.5 software (Molecular Devices). To calculate open probability in paired experiments, the number of channels was fixed as the greatest number of active channels observed in control or experimental conditions. For representation, current traces were filtered at 200 Hz.
Cell surface biotinylation. mDCT15 or WNK4KD cells were incubated as described above. Cells were washed with PBS, and cell surface proteins were labeled with Sulfo-NHS-SS-Biotin (Pierce) in PBS for 30 min at 4°C. The reaction was quenched by adding 500 l of the quenching solution (Pierce). Cells were harvested, lysed using lysis buffer containing protease inhibitor, and homogenized by sonication on ice. Cell lysates were centrifuged briefly, and the supernatant was collected. Eighty microliters of the supernatant from each group were stored separately at Ϫ80°C. Biotinylated proteins in cell lysates were isolated by an incubation with NeutrAvidin gel (Pierce) for 60 min at room temperature. The labeled proteins were washed and eluted in SDS-PAGE sample buffer containing 50 mM DTT as per the protocol outlined in the Pierce Surface Protein Isolation Kit. Protein concentrations were determined by using a BCA Protein Assay Kit (Pierce). The eluted proteins and cell lysates were immunoblotted as detailed below.
Immunoblot analysis. Cells were incubated as described above. Cells were harvested, lysed using lysis buffer containing protease inhibitor, and homogenized by sonication on ice. Cell lysates were centrifuged briefly, and the supernatant was collected. Proteins were resolved by SDS-PAGE and then transferred electrophoretically to polyvinylidene difluoride membranes. After being blocked with 3% BSA, membranes were probed with the following primary antibodies: NCC (1:1,000-1:5,000) (22) , WNK4 (University of Dundee, 5 g/ml), TRPV5 (AbCam, 1:35,000), and actin (Santa Cruz Biotechnology, 1:1,000) overnight at 4°C. Blots were washed in Tris-buffered salineTween 20. Signal detection was done via Odyssey Infrared Imaging (Li-Cor Biosciences). The secondary antibodies used were IRDye680 goat anti-mouse (Rockland Immunochemicals, dilution 1:10,000). Membranes were subsequent scanned using the Odyssey Infrared Imager. The intensity of the protein bands was analyzed using Odyssey Infrared Imaging Software (Li-Cor Biosciences).
Statistical analysis. Statistical analysis was performed using the SigmaPlot software package (Systat, San Jose, CA). Data were analyzed for statistical significance using a paired t-test or ANOVA (Holm-Sidak). P values of Ͻ0.05 were taken as statistically significant.
RESULTS
mDCT15 cells exhibit native TRPV5 activity.
To study the effects of NCC activity on TRVP5 activity, mDCT15 cells were used. mDCT15 cells are known to exhibit native NCC activity (22) . To assess for native Ca 2ϩ transport, the presence of tubular proteins needed for Ca 2ϩ transport was assessed by immunoblot analysis, confirming the presence of TRPV5, PMCA1, NCX, PTH receptor, and calbindin (Fig. 1A) . Functional Ca 2ϩ uptake was then confirmed via 45 Ca 2ϩ radiotracer uptake as described above in METHODS. mDCT15 cells exhibited native Ca 2ϩ transport activity, with an uptake of 6.1 Ϯ 0.3 nmol·mg Ϫ1 ·min Ϫ1 (Fig. 1B) . Virtually all of this uptake, 5.9 Ϯ 0.2 nmol·mg Ϫ1 ·min Ϫ1 , was sensitive to ruthenium red, indicating that this native Ca 2ϩ uptake was due to TRPV5 activity. To confirm the presence of active TRPV5 channels, we next characterized TRPV5 activity at the single channel level in outside-out patches from mDCT15 cells. Since single channel conductance becomes negligibly small in the presence of Ca 2ϩ (34) , TRPV5 activity was monitored in divalent-free solutions. Typical patch-clamp recordings at different pipette potentials and the respective current-voltage relationships are shown in Fig. 2, A and B (10, 36, 40) . In contrast, channel activity and open probability were very low at positive voltages ( Fig. 2A) , which are also characteristics of TRPV5 (32) . Overall, the recorded channel demonstrated remarkable inward rectification (Fig. 2C) . Furthermore, channel activity can be reversibly inhibited by submicromolar concentrations of ruthenium red (500 nM), as shown in a representative continuous experiment in Fig. 2D . This is consistent with the reported high sensitivity of TRPV5 (ECaC1) to this blocker [IC 50 : ϳ125 nM (see Ref. 16) ]. In contrast, TRPV6 (ECaC2) is less sensitive to ruthenium red and can be inhibited by much higher concentrations of ruthenium red (IC 50 : ϳ9 M). Overall, the single channel conductance, strong inward rectification, and high sensitivity to ruthenium red strongly suggest that the detected channel in mDCT15 cells has properties attributable to TRPV5.
PTH and thiazides enhance TRPV5 Ca 2ϩ uptake. Having demonstrated that mDCT15 cells exhibit TRPV5 protein expression and ruthenium red-inhibitable Ca 2ϩ transport consistent with TRPV5 activity, we examined the effect of PTH on TRPV5 function in our system. As expected, treatment of mDCT15 cells with 100 nM PTH for 15 min increased TRPV5 activity. 45 Ca 2ϩ uptakes significantly increased by 49% from 5.9 Ϯ 0.3 to 8.8 Ϯ 0.7 nmol·mg Ϫ1 ·min Ϫ1 (n ϭ 4, P Ͻ 0.01 compared with control; Fig. 3A ). This increase is similar to that reported in the literature (12) .
The effect of PTH on TRPV5 is known to be due to increased channel activity mediated by PKC and PKA in addition to an effect on plasma membrane surface expression (7, 10, 12) . To confirm that PTH was acting on TRPV5 in a similar manner in mDCT15 cells, plasma membrane surface expression, as measured by cell surface biotinylation, of TRPV5 was measured and increased significantly to response to PTH (Fig. 3A) . As shown in Fig. 3 , inhibition of PKC by 500 nM Gö-6976 and PKA by 1 M H89 sharply attenuated the effects of PTH on TRPV5 activity and surface expression, consistent with prior reports.
PTH decreases NCC Na ϩ uptake. Having established that mDCT15 cells exhibit native TRPV5 activity that is PTH responsive, the effect of PTH on NCC activity was assessed. Consistent with our previous report (21) in mDCT cells, 22 Na ϩ uptake experiments demonstrated a sharp inhibition of NCC activity with 15-min 100 nM PTH treatment. NCC activity significantly decreased by 73% from 75.4 Ϯ 2.7 to 20.3 Ϯ 1.3 nmol·mg Ϫ1 ·min Ϫ1 (n ϭ 4, P Ͻ 0.01 compared with control; Fig. 4A ). To verify that this effect was dependent upon Ras guanyl-releasing protein (RasGRP)1, as has been previously described, mDCT15 cells were treated with small interfering RNA specific for RasGRP1 (or nontargeting control). Under conditions of 70% RasGRP1 knockdown, NCC activity was not significantly affected by PTH, confirming the RasGRP1 dependence of PTH action. Similarly, NCC surface expression was sharply reduced by PTH, an effect inhibited by RasGRP1 knockdown (Fig. 4B ). This established that the mDCT15 cell line exhibis native TRPV5 and NCC activity responsive to PTH with mechanisms consistent with previously published reports.
Inhibition of the PTH effect on NCC attenuates TRPV5 Ca 2ϩ uptake. To assess whether the effect of PTH on Na ϩ transport contributed to the enhanced Ca 2ϩ uptake, TRPV5 activity was studied in mDCT15 cells demonstrating 70% knockdown of RasGRP1. As shown in Fig. 4C , RasGRP1 knockdown had no effect on baseline TRPV5 activity. However, PTH administration in these cells resulted in an attenuated 45 Ca 2ϩ uptake compared with nontargeting controls. TRPV5 activity increased by 45% from 6.0 Ϯ 0.2 to 8.7 Ϯ 0.4 nmol·mg Ϫ1 ·min
Ϫ1
in nontargeting controls (n ϭ 4, P Ͻ 0.01 compared with control; Fig. 5 ). However, inhibition of the PTH effect by RasGRP1 knockdown significantly reduced the increase from 6.1 Ϯ 0.1 to 7.5 Ϯ 0.2 nmol·mg Ϫ1 ·min Ϫ1 , only a 22% increase (n ϭ 4, P Ͻ 0.01 between PTH-treated groups; Fig. 5 ). The increase in TRPV5 surface expression with PTH was attenuated with RasGRP1 knockdown (Fig. 4D) .
Inhibition of PKC and PKA resulted in a further attenuation of the PTH effect, with PKC inhibition decreasing uptake to 14% (6.1 Ϯ 0.1 to 6.9 Ϯ 0.1 nmol·mg Ϫ1 ·min Ϫ1 , n ϭ 4, P Ͻ 0.01 compared with RasGRP1 knockdown ϩ PTH-treated groups; Fig. 4C ). The addition of a PKA inhibitor to the PKC inhibitor completely eliminated any response to PTH.
The effect of RasGrp1 on PTH is mediated by its actions on NCC. Having shown that RasGRP1 knockdown attenuates the TRPV5 response to PTH, we sought to establish the site of action of RasGRP1. The administration of thiazide diuretics resulted in an increase in TRPV5 activity from 6.0 Ϯ 0.1 to 7.5 Ϯ 0.1 nmol·mg Ϫ1 ·min Ϫ1 (n ϭ 4, P Ͻ 0.01 compared with control; Fig. 5A ). As shown in Fig. 5B , thiazides had no apparent effect on TRPV5 surface or total abundance. The addition of thiazide to RasGRP1 knockdown caused a 23% increase in TRPV5 activity (6. (6, 17, 18) . To assess this potential mechanism, WNK4KD cells, which are mDCT15 cells stably displaying a 75% knockdown for WNK4, were used (22) . As shown in Fig. 6 , TRPV5 activity does not significantly change in WNK4KD cells compared with control. The addition of PTH resulted in an attenuated increase in TRPV5 activity. The TRPV5 activity of WNK4KD cells increased from 5.8 Ϯ 0.1 to 7.9 Ϯ 0.4 nmol·mg Ϫ1 ·min Ϫ1 , a 36% increase compared with 45% in control cells (n ϭ 4, P Ͻ 0.01 between PTH-treated groups; Fig. 6 ). Again, PKC blockade resulted in a further attenuation of the PTH effect (5.8 Ϯ 0.1 to 6.8 Ϯ 0.4 nmol·mg Ϫ1 ·min
, n ϭ 4, P Ͻ 0.01 vs. the WN4KD ϩ PTH-treated group), whereas combined PKC and PKA blockade in these WNK4KD cells completely abolished the effect.
Taken together, these experiments indicate that TRPV5 Ca 2ϩ uptake is modulated by decreases in NCC activity. Furthermore, a portion of the increased TRPV5 activity seen with PTH is due to alterations in NCC activity and may be mediated by WNK4.
DISCUSSION
Thiazide diuretics have long been associated with altered renal tubule handling of Ca 2ϩ . Urinary Ca 2ϩ excretion falls ϳ50% with thiazide treatment, reflecting increased Ca 2ϩ reabsorption (19) . The site of increased Ca 2ϩ reabsorption has been the topic of considerable debate. Over time, a consider- able number of studies have demonstrated changes in renal Ca 2ϩ handling, with some favoring a PT mechanism and others pointing distally. The volume contraction seen with thiazides has been shown to play a major role in determining the degree of urinary Ca 2ϩ excretion, indicating a proximal response. In studies of distal transport, microperfusion work has shown increased distal Ca 2ϩ reabsorption in response to thiazides, and animal studies in which thiazide were selectively given to only one kidney showed hypocalciuria only in the treated kidney administration (9, 14, 26, 28, 29) . A study (26) in animals has shown increased TRPV5 expression compared with thiazide administration.
More recently, a study (31) in knockout animals clearly indicated a proximal effect in the absence of NCC or even TRPV5. A human study (2) has also shown an increase in PT Ca 2ϩ reabsorption with thiazide administration. The importance of a PT effect is not surprising, as driving down distal delivery by increased PT transport will tend to minimize even a large distal effect. Nevertheless, a wealth of studies has clearly demonstrated a relationship between distal NCC function and Ca 2ϩ transport. Here, using the mDCT15 cell line, we demonstrated that the response of TRPV5 to PTH is mediated in part by NCC activity. Furthermore, this attenuation of TRPV5 activity is dependent on RasGRP1, possibly mediated by WNK4.
The mDCT15 cells used in this study have been well characterized, especially with regard to Na ϩ . These cells exhibit native NCC activity and expression of common regulators of NCC, such as SPS1-related proline/alanine-rich kinase/ oxidative stress-responsive kinase 1 and WNK kinases (22) . Here, we demonstrate that mDCT15 cells express not only TRPV5 but also PMCA1, NCX1, PTH receptor, and calbindin. These cells exhibit single channel conductance, strong inward rectification, and high sensitivity to ruthenium red indicative of TRPV5. Furthermore, 45 Ca 2ϩ radiotracer uptake studies have shown significant ruthenium red-sensitive Ca 2ϩ uptake. Taken together, these data represent clear evidence for native TRPV5 activity in mDCT15 cells. Unlike many other models, mDCT15 cells are not only PTH responsive but also exhibit native NCC activity in addition to native TRPV5 activity, making them an ideal model to examine a role for Na ϩ uptake in the regulation of TRPV5 activity by PTH.
As we have seen in other models, PTH suppresses NCC function, dependent on RasGRP1 (21) . PTH is well known to activate TRPV5, an effect primarily mediated by PKC-and PKA-dependent open probability, as described in the literature (7, 10, 12) . In our study, inhibition of the PTH mediateddecrease in NCC activity by RasGRP1 knockdown attenuated the TRPV5 response to PTH. RasGRP1 knockdown had no baseline effect on TRPV5 activity. These RasGRP1-mediated effects are additive to those triggered by the established PKC and PKA pathways that act on TRPV5. Furthermore, these effects are not seen in the presence of total NCC inhibition with thiazide treatment. These results strongly imply a role for NCC activity in modulating TRPV5 Ca 2ϩ transport by PTH. Secreted by the parathyroid glands, PTH is a 9.4-kDa hormone that, among its functions, is a powerful regulator of serum Ca 2ϩ levels. In the DCT, PTH is known to enhance Ca 2ϩ reabsorption by enhancing the activity of TRPV5. Traditionally, PTH effects on TRPV5 have been ascribed to activation of PKC and PKA pathways, which act directly on the Ca 2ϩ channel (7, 10, 12) . Here, in addition to these known pathways, we describe an indirect regulation of TRPV5 activity via RasGRP1-mediated effects on NCC activity.
Traditionally, distal effects of thiazide administration on Ca 2ϩ reabsorption were attributed to one of two theories. The first theory involves a relatively direct effect on TRPV5. NCC inhibition by thiazide would decrease intracellular Na ϩ , thereby facilitating basolateral Ca 2ϩ extrusion by NCX1 and allowing for increased TRPV5 Ca 2ϩ transport. In addition, the intracellular Cl Ϫ depletion from NCC inhibition could cause membrane potential differences facilitating TRPV5 activity. In the second theory, hypomagnesemia resulting from thiazide use stimulates TRPM6/TRPV5 cross-talk, leading to increased TRPV5 activity.
While we cannot rule out an effect of intracellular Cl Ϫ depletion and the resultant hyperpolarization affecting our model, our experiments of TRPV5 activity involve Ca 2ϩ uptake only and are in the setting of NCX1 blockade. Therefore, the mechanism of intracellular Na ϩ depletion cannot explain the phenomenon observed in mDCT15 cells. Similarly, hypomagnesemic conditions were not present in our uptake media, and thus the latter mechanism cannot explain the observed effect on TRPV5.
Instead, we found that the PTH effect on TRPV5 is attenuated by WNK4KD. WNK4 is best known for its effects on NCC but also is known to stimulate TRPV5 (6, 17, 18) . Depending on the situation, WNK4 can stimulate or inhibit NCC activity (1, 4, 5, 35, 37, 41, 42) . WNK4 is known to be Cl Ϫ responsive; interestingly, recent work by Bazúa-Valenti et al. (1) has shown that intracellular Cl Ϫ depletion may determine whether WNK4 acts in an inhibitory or stimulatory role. We therefore propose that PTH-mediated decreases in NCC activity trigger intracellular Cl Ϫ depletion, which, in turn, may modulate WNK4 activity. This modulation could take two possible forms. Previous studies into the TRPV5 interaction with WNK4 have shown that WNK4 increases TRPV5 activity via increasing TRPV5 plasma membrane expression (17, 18) . Therefore, Cl Ϫ depletion by PTH-mediated decreases in NCC activity could activate WNK4, which would, in turn, further increase TRPV5 activity. This increase would only be evident in experimental models expressing functional TRVP5, NCC, and WNK4.
Alternatively, data from Cha et al. (6) have shown that WNK4 stimulates the process of constitutive TRPV5 endocytosis. These data are in direct opposition to the previous findings, and the reasons for this difference are not entirely clear. Since the effects of WNK4 on NCC were recently shown to be dependent on intracellular Cl Ϫ concentration, perhaps a dual effect of WNK4 on TRPV5 is also present. Either mechanism, however, could plausibly explain the phenomenon demonstrated in our study. In this case, Cl Ϫ depletion would signal WNK4 in an inhibitory fashion, leading to increased TRPV5 expression and activity. An investigation into this potential mechanism is warranted but is beyond the scope of the present study. Furthermore, since WNK4 is known to increase baseline NCC activity in mDCT15 cells (22) , the lack of a baseline change of TRPV5 activity in WNK4KD cells suggests that WNK4 itself might be the mediator of these effects.
While the contributions of WNK4, PKC, and PKA pathways are additive, similar to those of RasGRP1, PKC, and PKA, WNK4KD alone did not suppress the PTH effect by the same magnitude as RasGRP1KD. While the knockdown levels were broadly similar, this could simply be due to differences critical expression levels in signaling pathways, with 30% expression of WNK4 being sufficient for some degree of interaction with TRPV5 but 30% expression of RasGRP1 being too low for a significant interaction with NCC. WNK4 may also be directly regulated by PTH and our WNK4 findings are unrelated to NCC, but as the combination of WNK4KD and PKC/PKA inhibition eliminated the PTH effect of Ca 2ϩ transport without need for blockade of RasGRP1, it seems more likely that the WNK4 phenomenon is related to NCC.
An effect of NCC modulating TRPV5 activity could provide additional acute regulation of DCT Ca 2ϩ reabsorption but might not be apparent chronically. Under conditions of prolonged NCC inhibition (such as by thiazide), proximal Na ϩ and Ca 2ϩ reabsorption are undeniably increased, resulting in such reduced distal deliveries of Na ϩ and Ca 2ϩ that the DCT contribution becomes relatively negligible. However, in states of submaximal or not prolonged DCT inhibition, proximal reabsorption would not be increased and distal delivery would be preserved. In this setting, NCC inhibition may represent a powerful means of regulating DCT Ca 2ϩ transport. Importantly, the present study cannot exclude low intracellular Cl Ϫ -mediated cellular hyperpolarization nor assess the role of enhanced NCX1 activity as additional contributors to this phenomenon. These mechanisms would only serve to enhance DCT Ca 2ϩ uptake further, and, therefore, the role of NCC activity in regulating TRPV5 activity may be in fact greater than observed here. Further studies are needed to assess the full impact of NCC on TRPV5 activity, but here we provide clear evidence that PTH mediates DCT Ca 2ϩ reabsorption in part via regulation of NCC. 
